Sungo Bay (China) has a mean depth of 10 m, a total area of 140 km 2 and is occupied by several types of aquaculture, whilst opening to the ocean. The production of scallops (Chlamys farreri) cultured on long lines is estimated to exceed 50 000 tonnes (total weight) per year. Selection of sites for scallop growth and determination of suitable rearing densities have become important issues. In this study, we focused on the local scale (e.g. 1000 m) where rearing density, food concentration and hydrodynamics interact. We have developed a depletion model coupling a detailed model of C. farreri feeding and growth and a one-dimensional horizontal transport equation. The model was applied to assess the effect of some environmental parameters (e.g. food availability, temperature, hydrodynamism) and spatial variability on growth, and to assess the effect of density according to a wide range of hydrodynamical and environmental conditions. In the simulations, food concentrations always enabled a substantial weight increase with a final weight above 1.5 g dry weight. Compared to a reference situation without depletion, a density of 50 ind m -3 decreased growth between 0% and 100%, depending on current velocity when maximum current velocity was below 20 cm s -1 . The mean ratio between food available inside and outside the cultivated area (depletion factor) varied with the percentage of variation in scallop growth that was due to density. Our model suggests that scallop growth was correlated with maximum current velocity for a given density and current velocity below 20 cm s -1 . The model was integrated within a Geographical Information System (GIS) to assist in making decisions related to appropriate scallop densities suitable for aquaculture at different locations throughout the bay. Concepts (depletion), methods (coupling hydrodynamics and growth models), and the underlying framework (GIS) are all generic, and can be applied to different sites and ecosystems where local interactions must be taken into account. © 2003 Éditions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
Introduction
The development of shellfish aquaculture raises questions regarding its sustainability defined via the carrying capacity concept, i.e. the maximum production achievable in a given ecosystem given the biological constraints and characteristics of the aquaculture activity. Assessment of the maximum yield is relevant if one considers that little was known until recently on regarding the capacity of ecosystems to support aquaculture activity apart from some empirical knowledge or successful/unsuccessful trials to adapt different species in coastal areas. Since shellfish production is an important component of the fisheries resources of coastal communities, carrying capacity assessment has become a major focus of scientific studies facilitating coastal zone management.
These topics are of particular importance in China where traditional aquaculture has been ongoing for centuries, but has been undergoing especially rapid growth in the past 10 years (Guo et al., 1999) . Coastal zone management in China has become a major concern because of the following reasons: (i) the impact of human activities on environmental and water quality, and (ii) the need for optimization of aquaculture strategy (Fang et al., 1996) . Within this context, a project was funded by the European Union to build tools capable of characterizing the carrying capacity and impact of shellfish and kelp aquaculture in two Chinese bays situated in Shandong province. Cooperative studies were conducted on the feeding responses and growth of cultivated species, variation in key environmental parameters in the field, and modelling hydrodynamics, filter-feeder growth and ecosystem dynamics.
When addressing carrying capacity assessment, an important first step is to describe and quantify the relationship between filter-feeders and the environment, considering ecophysiological processes such as food filtration, ingestion, assimilation and metabolic losses (Dame, 1993) . Physiological processes are driven by temperature, food concentration (particulate organic matter (POM), phytoplankton) flow and total suspended matter concentration which act on the ability of the individual to ingest or to reject a fraction of the available food as pseudofaeces. Modelling these processes allows prediction of the relationship between individual scope for growth (SFG) and environmental factors. Ecophysiology models have been published recently for Mytilus edulis (Scholten and Smaal, 1998; Grant and Bacher, 1998) , Crassostrea virginica (Powell et al., 1992) , Crassostrea gigas (Raillard et al., 1993; Barillé et al., 1997; Ren and Ross, 2001) , pearl oyster Pinctada margaritifera (Pouvreau et al., 2000) , Tapes philippinarum (Solidoro et al., 2000) , which can be used to identify food limitation. A second step is to define the geographical scale of any food limitation. Carrying capacity may be defined at the ecosystem scale when major parts of the bay are occupied by aquaculture (Raillard and Menesguen, 1994; Dowd, 1997; Bacher et al., 1998; Ferreira et al., 1998) . Tidal currents and the geographical position of filter-feeders may also result in a low percentage of food used by those filter-feeders (Grant, 1996) , so that investigations at local scales are relevant when rearing density and/or low currents are suspected to influence growth through food depletion (Incze et al., 1981; Pilditch et al., 2001; Pouvreau et al., 2000) . An understanding of food limitation in cultured populations assists managers in defining the suitability of sites for aquaculture (Nath et al., 2000) .
This paper is one of a series dealing with carrying capacity assessment in Sungo Bay at different spatial scales. Sungo Bay is a small bay with a mean depth of 10 m, total area of 140 km 2 , opening to the ocean and occupied by several types of aquaculture, e.g. kelp (Laminaria laminaria), oysters (Crassostrea gigas) and scallops in lantern nets (Chlamys farreri) (Fig. 1) . It is one of the most intensively cultured bays in China. The current velocity is driven by the tide and is usually <20 cm s primary production originates from the import of organic matter and nutrients from the sea, including recycling of nitrogen within the bay. The total production and standing stocks have changed over the past 20 years, including a shift from kelp to shellfish production. However, overexploitation is apparent from reduced shellfish growth and the increased incidence of disease. Scallops are the dominant cultivated filter-feeders, and production is estimated as~50 000 tonnes (total weight) per year. Selection of sites favourable for scallop growth, and determination of suitable rearing densities have become important issues. We focus here on the local scale where rearing density, food concentration and hydrodynamics interact. The first objective was to assess individual scallop growth by combining a hydrodynamic model to predict current velocity and food delivery (Grant and Bacher, 2001 ) with an ecophysiological model to predict responsive adjustments in scallop feeding and growth ( Fig. 2) (Hawkins et al., 2002) , taking into account any food depletion. The combined "depletion model" was used to simulate individual growth at several sites where food concentration had been measured, determining the sensitivity of annual growth to scallop density. The second objective was to integrate the model within a Geographical Information System (GIS) to assist in making decisions about the appropriate densities suitable for aquaculture at different sites throughout Sungo Bay.
Methodology

Depletion model
The depletion model is coupling food transport, food consumption by the scallop population and scallop growth at the scale of a cultivated area-e.g. within a domain of a given length (typically 1000 m). Since we restricted the computations to local scales, we considered the main direction of the current at a given site. The model is based on a onedimensional (1D) equation comparable to Pilditch et al. (2001) and Wildish and Kristmanson (1997) when vertical mixing prevents a vertical gradient of particle concentration:
where C refers to either phytoplankton, organic or inorganic particulate matter, u is the current velocity, f(C,w) is the individual food consumption, N is scallop density, w is scallop tissue dry weight (DW), x is the distance along the main current direction. Compared to Pilditch et al. (2001) , we neglected dispersion terms, since (i) dispersion coefficients are difficult to determine, (ii) their major effect is smoothing the variation inside the domain, and (iii) the numerical integration scheme yields numerical dispersion. Food depletion is related to consumption by animals, which was derived either from the ingestion rate or filtration rate. Filtration rate would indeed modify the particle concentration, but an important fraction of the filtered particles would remain in the water column as pseudofaeces and would be reused by filterfeeders. On the other hand, it could also be argued that these particles would likely sink and therefore would not be available for other animals. This is the reason why we compared two models by calculating depletion due either to filtration or ingestion rate. In both the cases forcing functions and the model of scallop growth were the same (see the following description). When depletion was related to ingestion, food contained in the pseudofaeces was reused with the same efficiency and energy content. The weight change of the scallop is described by:
where T is the water temperature and g(C,w,T) is net energy balance established using a model of feeding and growth that has been developed, calibrated and validated for C. farreri on the basis of field measurements in Sungo Bay (Hawkins et al., 2002 ) (refer Table 1 and Fig. 2 for details). In this model, the rates of filtration, ingestion, assimilation and respiration are predicted from the abundances of total particulate matter (TPM), POM and chlorophyll a, including seawater temperature. Net energy balance is determined as the difference between rates of assimilation and respiration, and the balance is allocated between somatic tissue, shell and reproduction. Eqs. (1) and (2) above use these functions from the model of Hawkins et al. (2002) to couple food concentration and scallop growth, such that high scallop densities were expected to result in increased food depletion and diminished growth. Current velocity was predicted by a hydrodynamic model described in Grant and Bacher (2001) . This model computes water height and current velocity on an irregular grid of 227 nodes all over the bay, which yields more accurate calculations in the area of strong gradients as in the vicinity of the coastline (Fig. 3a) . However, using model outputs at selected nodes for the depletion model requires water mass conservation along the x-axis used in the 1D model. Assuming that the variation in time of the water height is computed by the 2D Fig. 2 . Conceptual scheme of the scallop feeding and growth model (from Hawkins et al., 2002) . Food sources are POM and phytoplankton. Physiology functions also depend on temperature and PIM. Filtration, ingestion, pseudofaeces and faeces production are computed for POM, PIM and phytoplankton (see Table 1 for details). 
:
where h is the water height. The current velocity therefore varies in space and time.
Boundary conditions
Boundary conditions were needed to solve Eqs. (1)-(3). The hydrodynamic model yielded both sea level and current velocity required for Eq. (3). The current velocity was also measured at one site to check the validity of the model prediction. An Applied Microsystems EMP2000 electromagnetic current meter was moored 1 m below the surface in a cultivated area and current velocity and direction were recorded every minute for 15 d.
Time series were also needed for the environmental parameters. A monthly field survey was conducted between May 1999 and April 2000 at seven sites to measure the following parameters: temperature T, suspended particulate matter SPM, POM, particulate inorganic matter (PIM), and chlorophyll a CHL ( Fig. 3a) (Hawkins et al., 2002) .
These time series were used to compute food transport within the domain. In order to apply the depletion model to different sites of the bay, we interpolated the environmental parameters in space using the seven sampling stations and a linear interpolation method based on inverse distance weights. Though there was no obvious spatial gradient, we thought that mapping environmental parameters was the 
Simulations
Numerical integration of Eqs. (1)-(3) was based on discretization in space and time. The spatial domain was 1000 m and was split into three equivalently sized horizontal boxes to account for potential spatial variability, and the time step was equal to 600 s. The model was successively applied to all the nodes used by the hydrodynamical model (Fig. 3a) (149 nodes not counting the nodes at the terrestrial or oceanic boundaries). For each simulation, CHL, POM, PIM, individual scallop dry weight and total weight were computed for 1 year. Simulations started in October, which is the seeding time (Hawkins et al., 2002) . We therefore used our measured time series of SPM, POM, CHL, PIM, T to build annual forcing functions starting in October. Guo et al. (1999) describe the lantern net cultivation method in detail but, for our model, it is more relevant to consider the density of individuals (individuals per m 3 ). We tested two different densities: 0 and 50 ind m -3 . The null density refers to a case where we simulated the growth of a single individual without depletion and therefore provides the maximum annual weight. Comparing the two series of simulations allows the assessment of the density effect on the growth. After many sites with different hydrodynamic and food conditions were simulated, the results were mapped in order to assess the sensitivity of the density effect on the spatial variability of environmental conditions, as well as produce baywide patterns of seston depletion and growth. Depletion factor was defined as the ratio between food concentration (e.g. CHL or POM) inside the spatial domain and at the boundary of the spatial domain.
Results
Field survey
The temperature of Sungo Bay oscillated between almost 0°C in February 2000 and 26°C in August 1999 with an average of~14°C (Fig. 4) . The temperature was generally uniform among the seven sites, but large differences appeared in May 1999 and April 2000. For these dates, temperatures at sites 2 and 5 were lower compared to other sites, probably due to the more rapid warming of water masses in shallower waters. The mean chlorophyll a concentration was equal to 1.3 µg l -1 , with a maximum of five in February 2000. Concentrations were higher in spring and summer compared to winter-except for the peak in February. Peaks in September and February appeared simultaneously at all the sites, but in February, the peak was mainly located in the southern part of the bay (sites 5-7) with higher values inside the bay. However, no consistent spatial structure appeared in the chlorophyll a concentrations. The two highest values of TPM were greater than 40 mg l -1 and appeared in June and July at site 5-at the ocean boundary. The average TPM was 22 mg l -1 with three peaks in July, October and Januaryat all the sites simultaneously. The minimum values werẽ 6 mg l -1 and maximum values below 40 mg l -1 except for the two extreme values mentioned above. Some differences appeared between sites, especially in spring, but like chlorophyll a, no permanent spatial structure was detected. POM was correlated with TPM (R = 0.43, P < 0.001, n =77) and the average POM/TPM ratio was~0.20. POM concentrations were between 1 and 26 mg l -1 , with an average of 4.3 mg l -1 and the highest concentrations were measured in January. A weaker correlation existed between POM and chlorophyll a (R = 0.22, P < 0.001, n = 77). 
Hydrodynamics
Sungo Bay hydrodynamics are driven by tidal currents (Grant and Bacher, 2001) . The amplitude of the water level variations was around 1 m and the relatively low current velocities were generated by the tidal amplitude (Fig. 3b) .
Computations showed that maximum current velocity occurred at the open boundary with the ocean, as opposed to the inner parts of the bay where maximum current velocity is usually less than 20 cm s -1 . Water circulation is dominated by a gyre due to the tidal phase in the open ocean (Grant and Bacher, 2001) . During the flow, water enters the bay at the northeastern part of the ocean boundary and the tide reverses during the ebb. The residence time of water is around 20 d but computed trajectories showed that the daily displacement of particles was less than 2 km in the inner part of the bay (Fig.  5) . Current velocity recorded in May 1999 was compared to simulated current velocityand both agreed reasonably well (Fig. 3c ). The maximum current velocity was around 18 cm s -1 and ebb and flow were dissymmetric. However, measurements showed high variability when the current was low and at daily time scales (not shown), probably due to the influence of the wind which was not taken into account in the model.
Growth and depletion model
The growth model descrybed by Hawkins et al. (2002) was used to predict daily increases in scallop soft tissue weight over wide ranges of temperature, TPM, POM and chlorophyll a. First, the daily increase in tissue weight (SFG) was mapped against temperature (between 2 and 25°C) and TPM (between 5 and 40 mg l -1 ) (Fig. 6a) . In a second series of calculations, SFG was mapped against POM (between 1 and 8 mg l -1 ) and chlorophyll a (between 0.2 and 5 µg l -1 ), at a constant temperature of 16°C (Fig. 6b) . For all these calculations, SFG increased from 0 to more than 30 mg d
The results show positive effects of TPM and POM, with an optimum temperature at 22°C resulting largely from temperature limitations upon filtration rate (Table 1) . The effects of temperature and TPM were combined; therefore the sensitivity of growth rate to TPM was enhanced when the temperature was between 20 and 25°C. The effect of chlorophyll a concentration was smaller than POM. Chlorophyll a had a clear positive effect when POM was around 2 mg l -1 , but this effect nearly vanished for higher POM values, due to a lower contribution of phytoplankton to the food ration. Scallop growth was simulated from October 1999 to October 2000 using TPM, POM, temperature and chlorophyll a averaged over sampling sites (Fig. 6c) . During this period of time, the scallop experienced two growth periods in autumn in relation to the high food concentrations and high water temperature. The dry weight was initially equal to 0.12 g and it reached a maximum of 1.6 g after 1 year. Scallops experienced a slight decrease in soft tissue weight due to very low temperature values in winter. One spawning occurred in June, which did not greatly affect the shape of the growth curve and the final weight.
Most findings related to food depletion were synthesized as maps of soft tissue weight at the end of annual simulations or of the seston depletion factor averaged over 1 year. These model outputs result from short-term variations of food concentration within the 1000 m long domain simulated by our depletion model. The domain was split into three boxes to account for spatial variability. One example of chlorophyll a variation during a single tidal cycle is shown in Fig. 7 . In this simulation, scallop density was set to 50 animals m -3 , and scallop size to only 0.12 g, representing small animals. Results showed two oscillations per tidal cycle, with maximum concentrations in the upstream box (Box 1) when the inflow was highest and in the downstream box (Box 3) when flows were reversed. The greatest differences between boxes reached 20%, when the ratio between the maximum concentration and the mean concentration within the boxes was about 0.1.
Environmental parameters were interpolated in space and time, and the depletion model run successively for all nodes used in the hydrodynamic model (Fig. 3 ). The depletion model was first applied to compute annual scallop growth in the absence of any density or hydrodynamic effects, differences between sites being due to environmental conditions alone. The map of final tissue weights is shown in Fig. 8a . Values varied between 1.5 and 2.3 g; the most adequate areas being located around sites 3 and 5 of the field survey. Sites 1, 2, 6, 7 were less adequate, while site 4 was intermediary. A second series of simulations assessed the effects of a density of 50 ind m -3 (Fig. 8b) , and the difference between the two scenarios is illustrated in Fig. 8c . Maximum values of about 2 g did not change much, but minimum values of about 0.8 g were much lower at these higher densities. Faster growth again occurred along the south oceanic boundary and in the vicinity of station 3, whereas slower growth became more obvious in the southwestern part of the bay. It is possible to compare the spatial variability of maximum current velocity ( Fig. 3b) with localized predictions of scallop growth (Fig.  8a) . When expressed as a percentage of final growth, the effects of density varied between 5% in the eastern part of the bay where the current velocity was strongest, to more than 30% in the southwestern part of the bay (Fig. 8c) . Density effects of 10% or more occurred in 56% of the bay area.
The average POM depletion factor, defined as the ratio between the POM within the cultivated area and POM at the boundary averaged over boxes and time, was also mapped (Fig. 9a) . Values varied between 0.75 and 0.95. Values close to 1 were found near the ocean boundary, and the southwestern part of the bay was characterized by the lowest depletion factor. In all the above calculations, depletion was due to ingestion of particles by scallops. Particles which were filtered but rejected as pseudofaeces prior to ingestion remained in the water column and could be utilized by scallops. When considering depletion in terms of scallop filtration, i.e. without accounting for pseudofaeces production, the density effect upon POM depletion was magnified; the maximum decrease in tissue weight reaching 80%, with a minimum depletion factor for POM of about 0.65 (Figs. 8 and 9 ). Final tissue weight, POM depletion factor based upon ingestion rates, maximum current speed are some of the model outputs at all nodes of the hydrodynamic model. In order to globally describe the relationships between these variables, final tissue weight was plotted against POM depletion factor (Fig.  10a) , as well as against maximum current speed (Fig. 10b) . The findings confirm a strong positive relation (R 2 = 0.79, n = 149) between depletion factor and final weight. They also indicate that final weight was strongly related to maximum current velocity when the latter was less than 0.2 m s -1 (R 2 = 0.46, n = 113), as opposed to higher speed values (Fig. 10b) . The effect of current speed here was merely related to the effect of scallop population on food concentration which was quantified by the depletion factor.
Since (i) density would affect individual growth, (ii) final weight is an objective of the farmer, and (iii) final weight is maximum with 0-density, we used the model to estimate densities that resulted in a given decrease in final tissue weight. We assumed a linear relationship between density and decrease in final weight and interpolated that decrease from previous simulations. We considered depletion based upon ingestion rate or filtration rate as discussed above, but illustrated that based upon ingestion alone here (Fig. 11) . As an example, we chose a 10% decrease as an objective. In both the cases, densities were between 10 ind m -3 at sites where the density effect was the strongest and more than 100 in the eastern part of the bay. When calculated for ingestion, thereby accounting for pseudofaeces reutilization, a densityof less than 50 ind m -3 would be required over 67% of the bay to maintain a 10% weight decrease. This percentage would be 90% in case filtration was used in the calculation.
Modelling tool
A modelling tool was built to facilitate expertise on density dependent growth of scallops in Sungo Bay. This tool was based on the following components:
• Hydrodynamics were computed by Aquadyn © software (see Grant and Bacher, 2001 ), a Windows-based program that provides construction of the model finite element mesh as well as a hydrodynamic model (HydroSoft Energie, http://www.hydrosoftenergie.com). Outputs are saved in text files.
• Sungo Bay maps and database were implemented in a Geographic Information System with Arcview © software (ESRI, http://www.esri.com).
• Field data were stored in Barcawin © software (GEM, http://tejo.dcea.fct.unl.pt).
• The depletion model was developed in Fortran and Matlab computing language and compiled codes were interfaced with Arcview using Avenue © software.
The depletion model Graphical User Interface (GUI) helps the user to:
• plot current velocity and water height; • compute and plot particle trajectories;
• select length scale, rearing density, site and simulate the annual scallop growth; • map the final scallop growth or depletion factor; • compare growth and depletion factors simulated with different densities on one site or over the bay; • compute statistics of growth and depletion factors over the bay, such as the percentage of areas with a given depletion factor; and • estimate the rearing density which guarantees a given depletion factor or a final scallop weight by simple arithmetics.
This tool provides information on suitable sites for scallop aquaculture, including appropriate local densities predicted on the basis of food depletion and limitation. All simulations and computations can be carried out within the GIS. When applied to one site, the time needed for a simulation of depletion and growth is less than a few seconds. When simulations are iterated for all the nodes of the hydrodynamical model, the total simulation time is only a few minutes.
Discussion
We have developed a depletion model coupling a detailed dynamic model of C. farreri feeding and growth and a 1D transport equation. The model was first applied to assess the effect of spatial variability in environmental parameters (e.g. TPM, POM, temperature, chlorophyll a) on growth. In the second step, effects of scallop density on growth through food depletion were simulated for a density of 50 ind m -3 . In all the simulations, food concentrations enabled a substantial weight increase to above 1.5 g dry soft tissues. The maximum growth difference due to differences between sites equalled 40%, and was mainly related to differences in POM, since temperature was homogeneous in space and net energy balance was influenced more by POM than by chlorophyll a. Scallop density had a clear net effect on growth at sites where maximum current velocities were below 20 cm s -1 . At greater current speeds, food renewal was always able to alleviate depletion. The percentage of variation in scallop growth that was due to density varied with the mean ratio between food available inside and outside the cultivated area (depletion factor). We also showed that scallop growth was correlated with maximum current velocity for a given density. Collective findings unequivocally establish that much of the variability in scallop growth resulted from food limitation.
Seston depletion has been addressed in various ways in previous studies, that include experimental approaches (Butman et al., 1994; Wildish and Kristmanson, 1984) , field measurements (Pilditch et al., 2001; Roegner, 1998; Heasman et al., 1998; Fréchette et al., 1989) and models (Pilditch et al., 2001; Pouvreau et al., 2000; Campbell and Newell, 1998; Newell and Shumway, 1993; Bacher et al., 1997; Verhagen, 1982; Butman et al., 1994) (Table 2 ). Different types of depletion are considered. Most studies concern depletion at the benthic boundary layer, resulting from bot- Long lines, measurements, 2D depletion model Pilditch et al. (2001) tom culture or benthic bivalve populations (Campbell and Newell, 1998; Newell and Shumway, 1993; Roegner, 1998; Verhagen, 1982; Butman et al., 1984; Kristmanson, 1984, 1997) . A few studies deal with cultivated species on rafts or long-lines (Bacher et al., 1997; Pouvreau et al., 2000; Heasman et al., 1998; Pilditch et al., 2001) . Scales encompass a wide range of values. Lengths of the studied systems range from 6 m in experimental studies to more than 1000 m. For benthic populations, the density of studied systems ranges from 75 to 2000 ind m -2 , corresponding to ranges from 200 to 1 400 g soft tissue m -2 . For suspended cultures, the density of studied systems ranges between 2 and 700 g soft tissue m -3 . Minimum current velocities range from less than 1 to 35 cm s -1 (Table 2 ). All studies stress that food depletion may limit production, depending on the nature of the population (benthic, suspended), as well as scales of current velocity, density and length. Depletion would arise at spatial scales over a few kilometres when density is low or current velocity is high (Bacher et al., 1997; Newell and Shumway, 1993) and local depletion would not occur at smaller distances. Our calculations clearly confirmed the importance of depletion in the case of a bay with a large range of hydrodynamical conditions, at a scale of 1000 m and with a low density of animals. Our choice of 1000 m length stemmed from the mixing length defined from trajectory simulations. This guaranteed mixing of particles when water mass exited the 1000 m area, so that boundary conditions were correctly prescribed. Depletion would certainly occur at shorter lengths, but would be weaker unless densities are much higher, such as in raft culture . For larger domains, we would have to consider other processes such as primary production, which would significantly compensate for the ingestion of particles by scallops. Here, we have demonstrated that managing rearing density at a 1000 m scale according to food supply and depletion alone provides useful indications on how to optimize individual growth.
Measuring food depletion, as well as its effect on growth and production, is problematic in the field. Fréchette et al. (1989) and Newell and Shumway (1993) demonstrated reduction in phytoplankton concentration near benthic boundary layers. In the water column, Ogilvie et al. (2000) assessed the effect of mussels on nutrients and chlorophyll a concentrations within farms, finding depletion when phytoplankton concentrations were low. Roegner (1998) measured food depletion in an estuary in some occasions though flux calculations always showed a significant effect of clearance rate due to benthic filter-feeders. Heasman et al. (1998) related differences in mussel growth to high depletion factors measured within densely cultivated rafts. Pilditch et al. (2001) did not observe reduction in seston concentration at a small scale, but expected a significant depletion if the lease area were to be extended. The reasons generally invoked for difficulty in measuring depletion are related either to scale (density, length, current velocity) or variability of environmental conditions. In the present study, it was quite clear that environmental variability would mask the measurement of depletion in the field. Records of current velocity over several days were highly variable, probably due to the wind, with associated resuspension of organic and inorganic particles. On large scales, measurements of depletion would require intensive sampling in time and space, optimally using long-term moored instruments.
Several sources of uncertainty were apparent in our calculations. Measurements of current velocity revealed some variability, which would affect predictions of depletion and growth. However, hydrodynamics were dominated by the tide, which generated a regular and consistent pattern. More uncertainty is expected from the estimation of food availability. Previous studies (Fang, comm. pers.) showed that interannual levels of POM, TPM, and chlorophyll a have been changing over the past 20 years, probably due to changes in land use and aquaculture practices. Our sampling strategy based on a monthly field survey did not account for shortterm variability related to tides, nor for changes in meteorological conditions on which information was lacking. We were forced to interpolate to supply sufficient data. Model outputs would certainly have benefited from a larger dataset, more accurately representing temporal and spatial variations of the forcing functions. Finally, outputs of the depletion model were sensitive to how we formulated the sink of particles, whether through ingestion, thus allowing for the reutilization of rejected matter, or through filtration, in which case, all the filtered particles were no longer available. Using ingestion minimized depletion, including effects of density on growth. It is likely that a significant fraction of pseudofaeces becomes available for reutilization following break up and resuspension. One way to resolve this uncertainty would be to measure the sinking rate of pseudofaeces in cultivated areas, and parameterize a biodeposition term in the depletion model. Very high rearing densities would affect mortality and production (Fréchette et al., 2000) , but we kept densities low enough in our calculations to assume no effect. We also assumed that primary production was negligible at the scale we chose. This can be acceptable when renewal time is short, which is presumably true in most parts of Sungo Bay. For instance, a 1000 m long domain is renewed every 3 h when the current speed is 10 cm s -1 . It can also be argued that phytoplankton is only a fraction of food ration and that neglecting phytoplankton production would not affect scallop growth. If really needed, source terms could, however, easily be added to Eq. (1) using phytoplankton turnover rates estimated from field measurements. Another potential improvement in our calculation concerns interactions between current velocity and filter-feeders, which were neglected. Grant and Bacher (2001) , Boyd and Heasman (1998) and Pilditch et al. (2001) established that long lines or rafts modify the current velocity within cultivated areas, resulting in increased food depletion. In addition, Wildish and Kristmanson (1997) reported as to how scallop filter feeding may be inhibited at higher currents, though the effect of flow on growth can be compensated when flow is periodic. Due to their complexity, both positive and negative effects are difficult to predict and have been neglected here, but we suggest that our predictions are a valid and quantitative approach for guiding aquaculture practice. From this perspective and to our knowledge, our model is the most spatially explicit with respect to modelling of density effects on aquaculture production ever attempted.
Our work was undertaken with the objective of helping to develop tools for the management of aquaculture. Campbell and Newell (1998) simulated local interactions between mussel beds and ecosystem processes, to provide recommendations on seeding density and timing. Pastres et al. (2001) also used a detailed ecosystem model to identify suitable sites for clam production in the lagoon of Venice. Other models have been developed to assess carrying capacity at the scale of the ecosystem (Raillard and Menesguen, 1994; Dowd, 1997; Bacher et al., 1998; Ferreira et al., 1998) . A different approach was proposed by Arnold et al. (2000) to select lease sites for clam aquaculture in Florida, using multiple criteria based on the limitation of culture impact, water quality and associated spatial requirements. The novelty of our approach has been in coupling bivalve growth and food depletion at a site of intensive aquaculture, where identifying sustainable rearing densities is a major challenge. Food depletion factors, suitable rearing densities and expected individual growth rates can be superimposed with spatial information in a GIS, helping in the management of scallop aquaculture. Concepts (depletion), methods (coupling hydrodynamics and ecophysiology), and the underlying framework (GIS) are all generic, and can be applied to different sites where local interactions are important. Whilst of undoubted application at the farm scale, more comprehensive models will be required to simulate processes at larger ecosystem scales.
